Argon redistribution during a metamorphic cycle: Consequences for determining cooling rates by McDonald, Christopher S. et al.
Open Research Online
The Open University’s repository of research publications
and other research outputs
Argon redistribution during a metamorphic cycle:
Consequences for determining cooling rates
Journal Item
How to cite:
McDonald, Christopher S.; Warren, Clare J.; Mark, Darren F.; Halton, Alison M.; Kelley, Simon P. and Sherlock, Sarah
C. (2016). Argon redistribution during a metamorphic cycle: Consequences for determining cooling rates. Chemical
Geology, 443 pp. 182–197.
For guidance on citations see FAQs.
c© 2016 The Authors
Version: Version of Record
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1016/j.chemgeo.2016.09.028
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.
oro.open.ac.uk
Argon redistribution during a metamorphic cycle: Consequences for
determining cooling rates
Christopher S. McDonald a,b, Clare J. Warren a,⁎, Darren F. Mark c, Alison M. Halton d,
Simon P. Kelley a, Sarah C. Sherlock d
a School of Environment, Earth and Ecosystem Sciences, The Open University, Walton Hall, Milton Keynes, MK7 6AA, United Kingdom
b School for Earth and Space Exploration, Arizona State University, BOX 876004, Tempe, AZ 85287-6004, United States
c Scottish Universities Environment Research Centre, Rankine Avenue, Scottish Enterprise Technology Park, East Kilbride, Scotland, G75 0QF, United Kingdom
d School of Physical Sciences, The Open University, Walton Hall, Milton Keynes MK7 6AA, United Kingdom
a b s t r a c ta r t i c l e i n f o
Article history:
Received 15 May 2016
Received in revised form 20 September 2016
Accepted 21 September 2016
Available online 23 September 2016
40Ar/39Ar thermochronology is commonly used to constrain the rates and times of cooling in exhumedmetamor-
phic terranes, with ages usually linked to temperature via Dodson's closure temperature (TC) formulation.Whilst
manymetamorphic 40Ar/39Ar data are consistent with the timing of crystallisation or coolingwithin a chronolog-
ical framework deﬁned by other, higher temperature, chronometers, other 40Ar/39Ar data aremore difﬁcult to in-
terpret.We reportwhitemica and biotite single grain fusion and laser ablation 40Ar/39Ar ages from felsic gneisses
from theWestern Gneiss Region, Norway. The rocks record isothermal decompression from peak eclogite-facies
conditions (white mica stable) to amphibolite-facies conditions (biotite stable) at c. 700 °C. White mica and bi-
otite yield dispersed single grain fusion dates from 416 to 373 Ma and 437 to 360 Ma respectively. In-situ laser
ablation analyses provide a similar range, with white mica spot ages ranging from 424 to 370 Ma and biotite
spot ages ranging from 437 to 370 Ma. The dates span the duration of the metamorphic cycle suggested by pre-
vious studies, and cannot be reconciled with the results of simple models of Ar loss by diffusion during cooling.
Samples that show evidence for different physical processes, such as the chemical breakdown of whitemica, par-
tial melting, and ﬂuid ingress, generated different age populations to samples that did not experience or record
obvious petrological evidence for these processes. Samples that record signiﬁcant recrystallization and deforma-
tion yielded younger white mica (but older biotite) single grain fusion ages than more pristine samples.
Amphibolite-facies gneisses that preserve evidence for signiﬁcant partial melting generated younger biotite
ages than samples that recorded evidence for signiﬁcant hydration. Our data support other reported observations
that high-temperature metamorphic mica 40Ar/39Ar dates cannot be assumed to record the timing of cooling
through a speciﬁc temperature window. Careful assessment of the petrographic context of the dated minerals
and consideration of their post-crystallisation history may provide a more robust insight into whether ‘age’
links to ‘stage’ in a temporally meaningful way.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Understanding the timing of when, and the rate at which, metamor-
phic terranes are exhumed through the Earth's mantle and crust is im-
portant for constraining geodynamic models of tectonic processes.
40Ar/39Armica thermochronology is typically employed to constrain ex-
humation and cooling rates, with age most commonly being linked to
temperature via the Dodson closure temperature (TC) formulation
(Dodson, 1973). This solution to the diffusion equation is only applica-
ble for geological applications under the followingboundary conditions:
(1) negligible initial lattice-hosted 40Ar during crystallisation (i.e. a very
low mineral:ﬂuid partition coefﬁcient), (2) Ar distribution within the
mineral controlled only by thermally-activated volume diffusion that
adheres to Fick's 2nd law of diffusion (modiﬁed for a source term),
(3) an ‘open’ grain boundary network (i.e. the grain boundary effective-
ly has a negligible concentration of Ar) during the temperature interval
over which within-grain Ar diffusion is efﬁcient and (4) initial
crystallisation at a temperature at which within-grain Ar diffusion is
efﬁcient.
As geochronological data continues to be collected at ever-higher
spatial resolution and analytical precision, it is becoming possible to
test some, but not all, of the listed boundary conditions. This is impor-
tant for determining the geological scenarios in which the Dodson TC
formulation is justiﬁably applicable vs. those situations where it is not.
For example mineral thermobarometers provide estimates of
Chemical Geology 443 (2016) 182–197
⁎ Corresponding author.
E-mail address: clare.warren@open.ac.uk (C.J. Warren).
http://dx.doi.org/10.1016/j.chemgeo.2016.09.028
0009-2541/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Contents lists available at ScienceDirect
Chemical Geology
j ourna l homepage: www.e lsev ie r .com/ locate /chemgeo
metamorphic pressure-temperature conditions at different stages of the
rock evolution, which, when coupled to experimental diffusion param-
eters, provide insight intowhether a speciﬁc rock reached temperatures
high enough for efﬁcient diffusion in different minerals (c.f. Warren
et al., 2012c). In-situ laser ablation proﬁles across grains of sufﬁcient
size can provide evidence for diffusion (e.g. Wartho and Kelley, 2003).
Petrological modelling and a temporal framework based on indepen-
dent higher-temperature chronometers coupled with diffusion model-
ling provide a solid platform for assessing open system behaviour and/
or incorporation of initial 40Ar during crystallisation.
Over the last few decades, a signiﬁcant number of studies have shown
that micas in high pressure (N15 kbar) metamorphic rocks appear to be
particularly prone to yielding 40Ar/39Ar ages that are “too old” relative
to other independently constrained ‘events’ along their P-T paths. For ex-
ample, despite temperatures high enough for theoretically effective diffu-
sion, 40Ar/39Ar data from high pressure micas commonly produce ages
that are older than the timing of peak metamorphism from zircon U-Pb
data, or relative to the petrographically-constrained timing of mica
crystallisation, (Foland, 1979; Li et al., 1994; Arnaud and Kelley, 1995;
Scaillet, 1996; Ruffet et al., 1997; Sherlock and Arnaud, 1999; Baxter
et al., 2002; Warren et al., 2012a). Studies suggest that the incorporation
of “excess” 40Ar (40ArE, decoupled from its parent 40K) by diffusion from
the grain boundary into the mineral lattice and/or lattice defects, or dur-
ing deformation or (re)crystallisation may modify 40Ar concentrations
(Li et al., 1994; Ruffet et al., 1997; Pickles et al., 1997; Villa, 1998;
Sherlock and Kelley, 2002; Wartho and Kelley, 2003; Di Vincenzo, 2004;
Warren et al., 2011). Other studies suggest that non-zero grain boundary
conditions were experienced during or after crystallisation: high Ar con-
centrations in the grain boundary would hinder efﬁcient diffusive loss of
Ar, and lead to inherited ages that are older than predicted by the Dodson
TC formulation, but younger than the timing ofmineral crystallisation (c.f.
Baxter et al., 2002). Recent experimental data additionally suggest that Ar
diffusion in white mica is pressure- as well as temperature-dependent
(Harrison et al., 2009), suggesting higher Ar retention than previously
suspected at metamorphic pressures N10 kbar.
40Ar/39Ar data may therefore relate to the timing of mineral
crystallisation, the timing of cooling through a speciﬁc temperature or
temperature interval (speciﬁcally whether they adhere to the Dodson
TC formulation), or may be geologically meaningless. Determining be-
tween these options is important for quantifying rates and timescales
of tectonic processes. Here we track the incorporation, release, and
transport of Ar within and between different minerals during a meta-
morphic cycle, and especially during the exhumation-related, retro-
grade metamorphic reactions. The study of such processes informs the
assessment of themainmechanism(s) for redistributing Ar withinmin-
erals, and provides example cases for which 40Ar/39Ar may or may not
be reliably linked to temperature via the Dodson TC formulation.
Mid- to lower-crustal felsic gneisses exposed in the Western Gneiss
Region (WGR),westernNorway provide an excellent natural laboratory
for determining Ar behaviour during a burial-exhumation cycle because
the gneisses are broadly similar in composition but preserve different
stages of themetamorphic evolution. TheWGR experienced a high tem-
perature evolution (~700 °C) for 10–15 Ma (Wain et al., 2000, Hacker,
2007, Spencer et al., 2013, Kylander-Clark & Kylander-Clark andHacker,
2014) – long enough for diffusive processes to have been, in theory, ef-
ﬁcient enough for allmicas of the same grain size and composition to re-
tain the same 40Ar/39Ar age (Warren et al., 2012b). Published white
mica 40Ar/39Ar multi- and single-grain step heating ages from the
Outer Nordfjord area range from 409 to 380 Ma and are interpreted as
cooling ages (Root et al., 2005; Young et al., 2011). Published white
mica and biotite 40Ar/39Ar multi- and single-grain step heating ages
from the Outer Nordfjord area range from 389 to 374 Ma and 402 to
375 Ma, respectively, and interpreted as cooling ages (Lux, 1985;
Berry et al., 1995; Hacker and Gans, 2005; Root et al., 2005; Walsh
et al., 2007; Young et al., 2011; Walsh et al., 2013). More recent single
grain fusion and in-situ laser ablation techniques have yielded highly
variable white mica 40Ar/39Ar ages, both within and between grains in
the same sample, as well as between different samples (Warren et al.,
2012a). The range generated by the single grain fusion data was greater
than the range expected from diffusive loss in different grain sizes. Fur-
thermore, the spatial patterns that the in-situ data showed were incon-
sistent with diffusive loss on cooling.
Here we systematically document age populations from samples that
show evidence for different physical processes including mineral break-
down/replacement, deformation, partial melting, and hydration, and
compare them with age populations from samples that have not experi-
enced or recorded evidence for these processes. Our data show that all
samples generate a range of 40Ar/39Ar ages spanning at least 15Ma. Sam-
ples that preserve evidence for signiﬁcant recrystallization and deforma-
tion displayed younger white mica, but older biotite, single grain fusion
age populations than more pristine samples. Amphibolite-facies gneisses
preserving evidence for signiﬁcant partial melting yield younger biotite
Fig. 1. A simpliﬁed geological map, modiﬁed after Wain (1997), of the Outer Nordfjord
region of the Western Gneiss Region (WGR), Norway, showing the locations of the
study sites and the sample numbers collected from each locality. The sample numbers
are colour-coded to reﬂect the petrological groups deﬁned in the text. Blue = Group 1a;
Red = Group 1b; Brown = Group 1c; Teal = Group 2a; and Green = Group 2b. UHP =
ultra-high pressure; HP = high pressure.
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Table 1
White mica data.
Gneiss group 1A 1B 2A
Sample NF40 NF42 NF43 NF106 NF48 NF88 NF89 NF96 NF99 NF98 NF105
Position Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
SiO2 50.24 49.08 49.68 48.86 50.25 48.80 47.75 43.72 48.86 46.60 47.12 45.88 47.09 46.16 47.98 45.57 49.65 45.31 47.63 46.04 48.05 47.80
TiO2 0.33 0.56 0.19 0.41 0.30 0.38 0.40 0.59 0.73 0.91 1.20 1.12 1.13 0.74 1.19 0.90 0.86 0.42 1.23 0.94 0.87 0.86
Al2O3 28.41 29.72 27.32 29.00 26.73 28.14 28.19 32.96 29.28 31.17 30.65 32.55 30.61 32.00 30.00 32.69 28.40 32.56 28.12 30.13 26.70 27.16
Cr2O3 0.02 0.01 0.02 0.03 0.07 0.07 0.03 0.00 0.01 0.02 0.00 0.00 0.01 0.02 0.04 0.03 0.01 0.00 0.02 0.00 0.00 0.03
FeO 2.66 2.72 1.99 1.81 2.68 2.69 2.95 2.85 2.51 2.67 2.22 1.99 2.71 2.70 2.84 2.50 2.68 2.71 4.34 4.23 4.56 4.55
MnO 0.01 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.02 0.00 0.02 0.03
MgO 2.58 2.16 3.68 3.04 3.29 2.74 2.62 1.06 1.98 1.38 1.64 1.03 1.38 1.05 1.78 0.85 2.32 0.97 1.90 1.33 2.17 2.16
CaO 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.05 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.03 0.00 0.01 0.00 0.00
Na2O 0.67 0.75 0.39 0.41 0.20 0.17 0.32 0.46 0.53 0.63 0.46 0.54 0.35 0.37 0.52 0.53 0.36 0.52 0.22 0.25 0.22 0.22
K2O 9.44 9.70 9.59 9.92 10.41 10.59 10.29 10.32 9.90 9.89 10.33 10.45 10.54 10.81 10.53 10.51 10.22 10.41 10.81 10.78 10.79 10.82
F 0.22 0.14 0.05 0.02 0.10 0.08 0.00 0.00 0.07 0.15 0.10 0.00 0.05 0.10 0.12 0.00 0.11 0.00 0.04 0.10 0.07 0.09
Cl 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00
Total 94.58 94.88 93.00 93.49 94.07 93.68 92.58 91.97 93.89 93.48 93.76 93.58 93.93 93.98 95.06 93.61 94.64 92.96 94.34 93.80 93.46 93.72
Ions per 22 O
Si 6.75 6.59 6.77 6.62 6.82 6.66 6.60 6.11 6.62 6.38 6.42 6.25 6.42 6.31 6.48 6.23 6.69 6.24 6.53 6.36 6.66 6.62
Ti 0.03 0.06 0.02 0.04 0.03 0.04 0.04 0.06 0.07 0.09 0.12 0.12 0.12 0.08 0.12 0.09 0.09 0.04 0.13 0.10 0.09 0.09
Al 4.50 4.71 4.38 4.63 4.27 4.53 4.59 5.42 4.68 5.03 4.92 5.23 4.92 5.15 4.77 5.27 4.51 5.29 4.55 4.91 4.36 4.43
Cr 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Fe 0.30 0.31 0.23 0.20 0.30 0.31 0.34 0.33 0.29 0.30 0.25 0.23 0.31 0.31 0.32 0.29 0.30 0.31 0.50 0.49 0.53 0.53
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Mg 0.52 0.43 0.75 0.62 0.67 0.56 0.54 0.22 0.40 0.28 0.34 0.21 0.28 0.21 0.36 0.18 0.47 0.20 0.39 0.28 0.45 0.45
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Na 0.18 0.19 0.10 0.11 0.05 0.04 0.09 0.13 0.14 0.17 0.12 0.14 0.09 0.10 0.14 0.14 0.09 0.14 0.06 0.07 0.06 0.06
K 1.62 1.66 1.67 1.72 1.80 1.84 1.82 1.84 1.71 1.73 1.79 1.82 1.83 1.89 1.82 1.83 1.75 1.83 1.89 1.90 1.91 1.91
F 0.09 0.06 0.02 0.01 0.04 0.03 0.00 0.00 0.03 0.07 0.04 0.00 0.02 0.04 0.05 0.00 0.04 0.00 0.02 0.04 0.03 0.04
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 14.00 14.01 13.94 13.95 14.00 14.03 14.02 14.11 13.94 14.05 14.02 14.00 14.00 14.09 14.06 14.03 13.96 14.06 14.07 14.14 14.10 14.12
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ages than samples that record evidence for ﬂuid inﬁltration during
the amphibolite-facies overprint. Overall our results show that
most of the 40Ar/39Ar mica dates from the WGR are inconsistent
with the interpretation that they record the time at which the rock
cooled through a ﬁxed temperature interval. Instead the 40Ar con-
centrations appear to trace other physical processes that affected
the rocks during exhumation.
1.1. Regional geology
The Western Gneiss Region (WGR) exposed in western Norway is a
50,000 km2 basement window within the Scandinavian Caledonides,
formed during the subduction of the leading edge of Baltica beneath
Laurentia during the Scandian Phase of the Caledonian Orogeny (Gee,
1975; Roberts, 2003; Hacker, 2007). The dominant lithology in the
WGR is amphibolite-facies felsic gneiss, with local eclogite enclaves
(Eskola, 1921; Bryhni, 1966). Evidence for ultrahigh-pressuremetamor-
phism (UHP; N2.6 GPa) is preserved across c. 5000 km2 of the WGR
(Smith, 1984; Root et al., 2005). Coesite (the high pressure polymorph
of quartz whose presence conﬁrms that UHP conditions were reached)
has been documentedmostlywithin eclogite, but rare occurrences have
also been documented in the felsic host gneisses (Wain, 1997). There
are three conﬁrmed UHP domains: the Nordfjord-Stadlandet (south-
ernmost), the Sorøyane (central) and the Nordøyane (northern). This
study focuses on the Nordfjord-Stadlandet domain, where the record-
ed/preserved P-T gradient ranges from quartz eclogite-facies in the
southeast (~2.5 GPa and ~600 °C) to coesite-stable eclogite-facies in
the northwest (~3.0 GPa and ~700 °C) across 2500 km2 (Labrousse
et al., 2004; Root et al., 2005; Young et al., 2007). Following near-
isothermal decompression from (U)HP conditions, the entire WGR ex-
perienced retrograde amphibolite-facies metamorphism at ~700 °C
and 1 GPa (Walsh and Hacker, 2004).
Multiple radioisotopic dating techniques provide an independent
temporal framework constraining the timing of peak metamorphism
and exhumation across the Outer Nordfjord Region. Sm-Nd and Lu-Hf
garnet ages suggest prograde metamorphism and burial from c.
440 Ma to c. 404 Ma (Grifﬁn and Brueckner, 1980; Mearns, 1986;
Carswell et al., 2003; Kylander-Clark et al., 2007; Peterman et al.,
2009). U-Pb zircon ages in maﬁc eclogite bodies suggest that peak
eclogite-facies metamorphic conditions were achieved by c. 410–
400Ma (Root et al., 2004, Young et al., 2007, Kylander-Clark andHacker,
2014, Young and Kylander-Clark, 2015). U-Pb titanite ages of c. 399 to
379 Ma from the Nordfjord area suggest host gneiss recrystallization
under amphibolite-facies conditions during exhumation (Spencer
et al., 2013), and U-Pb zircon ages from an undeformed granitic pegma-
tite dyke suggest post-eclogite-facies partial melting and crystallisation
at c. 389 Ma (Kylander-Clark and Hacker, 2014).
1.2. Study sites
Samples were collected from Krokkenakken, Flatraket Harbour and
Drage in the Outer Nordfjord area (Fig. 1). These localities expose
variably-amphibolitised eclogite-facies maﬁc rocks hosted in felsic
gneisses. Each locality preserves evidence for different peakmetamorphic
conditions, ranging from ~600 °C at 2.3 GPa at Krokkenakken to ~750 °C
at 3.2 GPa at Drage (Cuthbert et al., 2000). All locations record similar
amphibolite-facies conditions of ~700 °C and 1 GPa (e.g. Krabbendam
andWain, 1997; Labrousse et al., 2004).
The felsic gneisses record different stages along the retrogrademeta-
morphic path: garnet-bearing gneisses, located within strain shadows
adjacent to the maﬁc boudins, preserve relicts of the HP history (e.g.
symplectites after omphacite) whereas biotite-epidote gneisses, located
further from themaﬁc units, only recordmid-crustal amphibolite-facies
conditions.
2. Petrology and mineral chemistry
Major-element compositions of white mica and biotite were
analysed using the Open University Cameca SX-100 electron micro-
probe using a spot size of 10 μm, conditions of 15 kV, 20 nA and 30 s col-
lection time. Calibrations were performed on natural standards, and
analyseswere corrected using a ZAFmatrix correction routine. Analyses
were bracketed by analyses of secondary standards to check for major
element reproducibility of 1%. Average white mica and biotite composi-
tions are reported in Tables 1 and 2 respectively; full data are reported
in Supplementary Table S.1.
The felsic gneisses form two petrographically-distinct groups:
garnet-bearing gneisses that record exhumation from eclogite-facies
conditions (Group 1, Fig. 2A) and biotite-epidote gneisses that record
the amphibolite-facies overprint (Group 2, Fig. 2B and C; a full petro-
graphic description of each sample is provided in Supplementary mate-
rial S.2). Major element XRF data suggest similar bulk compositions for
these different groups (Young and Kylander-Clark, 2015).
The garnet-bearing (Group 1) gneisses comprise three sub-groups:
those that still preserve HP relicts (Group 1a), those that lack HP min-
erals but still contain white mica, albeit heavily replaced by biotite-
plagioclase symplectites (Group 1b) and those that lack HP relicts and
no longer contain whitemica (although do preserve symplectites indic-
ative of the former presence of white mica; Group 1c).
Group 1a gneisses are found in a low-strain region adjacent to a
large (N300 m long) eclogite boudin at Krokkenakken (samples NF40,
NF42, and NF43; Fig. 2D). They are medium-grained, unfoliated
gneisses with a peak assemblage of quartz, white mica and garnet
with accessory apatite, rutile, zircon, clinozoisite, and kyanite.
Symplectites of clinopyroxene andplagioclase provide evidence for pre-
cursor omphacite (Wain et al., 2000). White micas are 0.5–2.5 mm in
length, with Si ranging from 6.8 per 22 oxygens per formula unit (pfu)
in the cores to 6.3 pfu in the rims. White mica is commonly almost
completely replaced by biotite-plagioclase symplectites at the rims. Bi-
otite grains within the symplectite are generally b0.5 mm in size and
are chemically variable with Mg/Mg + Fe (Mg#) of 0.52–0.73 and Ti
concentrations of 0.2–0.3 pfu.
Group 1b gneisses occur at all three localities (Krokkenakken: NF106;
Flatraket Harbour: NF48; Fig. 2E) and Drage: NF88, NF89, NF96 and
NF99). These gneisses are foliated and composed of quartz, plagioclase
feldspar, garnet, whitemica, biotite, and rare alkali feldspar with accesso-
ry rutile, apatite, and zircon. White micas, 0.5–2.5 mm in length, are
zoned in Si from 6.8 pfu in the core to 6.1 pfu in the rim. Narrow
0.5–1 μmwide rims are altered to biotite + plagioclase symplectite. Bio-
tite grains b0.5 mm in length also forms fabric-deﬁning euhedral laths.
These grains show a wide range in composition with Mg# ranging from
0.46–0.51 and Ti concentrations between 0.23 and 0.34 pfu from core to
rim.
Subordinate in volume to Group 1b gneisses, Group 1c gneisses pre-
serve neither HP mineral relicts nor white mica (Flatraket Harbour:
NF47, NF50 and NF112; Drage: NF87). These gneisses are located close
to the contact with the maﬁc eclogites and are also found close to the
contact with the amphibolite-facies biotite-epidote gneisses described
below. They contain quartz, plagioclase feldspar, garnet, epidote (com-
monly with allanite cores), and biotite with accessory rutile, apatite,
and zircon. Rare biotite-plagioclase symplectites preserved in quartz
ribbons attest to the former presence of whitemica (Fig. 2F). Further bi-
otite laths are generally b1 mm in length and yield a narrow range in
composition with Mg# values from 0.53–0.58 and Ti concentrations
from 0.20–0.34 pfu.
Group 2 biotite-epidote gneisses form approximately 70% by volume
of the felsic gneisses in the study area (e.g. Peterman et al., 2009). They
are typically foliated and preserve the lowest metamorphic grade
assemblages. At Drage (Fig. 1), within the core of the antiformal
Nordfjord-Stadlandet UHP domain, Group 2 gneisses are intensely
migmatised.
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Group 2a gneisses preserve relict white mica, whereas Group 2b do
not. Group 2a are located close to the contactwith Group 1c and contain
an amphibolite-facies assemblage of biotite, epidote, quartz and plagio-
clase. They also commonly preserve skeletal relicts of white mica and
garnet (Fig. 2D). The white mica shows evidence of melting, being re-
placed by alkali feldspar + quartz at their rims. This type of gneiss oc-
curs only at Krokkenakken (NF105) and at Drage (NF98; Fig. 2G).
Relict white mica grains are b0.5 mm in length and zoned in Si (6.6–
6.3 pfu from core to rim). The biotite grains are 0.5–1 mm in length
and form subhedral to euhedral laths that deﬁne the fabric. Biotite pre-
serves a broad range of compositions withMg# ranging from 0.40–0.51
and Ti concentrations from 0.12–0.42 pfu.
Group 2b samples include NF35 from Krokkenakken, NF51 from
Flatraket Harbour (Fig. 2H) and samples NF90 and NF91 from Drage.
They contain quartz, plagioclase, biotite, epidote (with common allanite
cores and formingprominent porphyroblasts),minor amphibole, andK-
feldspar. Accessory phases include titanite, ilmenite, apatite, and zircon.
Biotite deﬁnes the fabric and is often inter-grownwith titanite. The fab-
ric bothwraps around and is overprinted by the epidote porphyroblasts,
suggesting epidote growth both during and after amphibolite-facies
conditions (Fig. 2H). Biotite grains are ~1 mm in length and preserve a
broad range in chemistry, with Mg# varying from 0.37 to 0.55 and
with Ti concentrations from 0.20 to 0.37 pfu.
3. 40Ar/39Ar analyses
19 samples were selected for single grain fusion analysis to deter-
mine the presence of any age variations within and between different
samples. For single grain fusion analysis, ~50 grains of white mica and
biotite were picked from each crushed sample. Grains showing the
least deformation and the fewest inclusions were selected. Care was
taken to avoid picking white mica grains rimmed by biotite-
plagioclase symplectites. Grains were washed in acetone or methanol
and distilled water before being packed into aluminium foil packets.
Polished thick sections (~250 μm) for in-situ laser ablation analysis
were prepared by adhesion to glass slides with cyanoacrylate (“super
glue”). Sections were removed from the glass by soaking in acetone
for up to 24 h to dissolve the glue, and then cut into 5 × 5 mm squares
before washing and packing as above.
Samples were analysed at two facilities: the 40Ar/39Ar and Noble Gas
Laboratory at the Open University (OU), and the NERC-funded Argon
Isotope Facility (AIF) housed at the Scottish Universities Environmental
Research Centre (SUERC). Analytical details are summarised below; full
details are provided in Supplementary document S.3. Two mass spec-
trometers were used at the OU. Total fusion of single grains of the un-
knowns and ﬂux monitors was achieved using a 1062 nm CSI Fibre
laser coupled to an automated gas handling vacuum system and admit-
ted to a MAP 215-50 noble gas mass spectrometer (Warren et al.,
2012a). Samples were fused over 60–90 s and gasses cleaned for 210 s
through two SAES AP10 Zr-Al getters (one at room temperature and
the other at 450 °C). A liquid nitrogen cold trap provided additional
gas cleaning prior to inlet to the mass spectrometer.
High spatial resolution single spot and traverse analyses on polished
thick sections were achieved using a New Wave Systems Nd-YAG
213 nm ultraviolet (UV) laser coupled to a Nu Instruments Noblesse gas
mass spectrometer (Sherlock et al., 2005). UV analyses consisted of ablat-
ing 30 μm diameter spots for 90 s, at 20 Hz and an on-sample ﬂuence of
3.8 mJ cm−2. Gasses were subsequently cleaned for 90 s through two
SAES AP10 Zr-Al getters (one at room temperature and the other at
450 °C).
At SUERC, single grain fusions were achieved using a Merchantek
25W CO2 laser coupled to a GVI ARGUSmulti-collector mass spectrom-
eter (Mark et al., 2009; Mark et al., 2011). Samples were fused over 20 s
prior to 300 s gas clean-up using two GP50 SAES getters (one at room
temperature and the other at 450 °C).
Isotope data were reduced using in-house software (ArMaDiLo), at
the Open University and Berkeley Geochronology Centre ‘Mass Spec’
software at SUERC using a decay constant value of 5.530 × 10−10 ±
0.013 a−1 (Renne et al., 2011). The isotope data were corrected for
blank, radioactive decay, mass discrimination and interfering reactions.
The 40Armeasurements from the SUERC ARGUS andOUNu instruments
were corrected for atmospheric argon via the measured 36Ar. The mea-
sured 36Ar on the OUMAP instrument approached detection limits, and
unlike on the Nu and ARGUS, the mass discrimination is not sensitive
Table 2
Biotite data.
Gneiss group 1A 1B
Sample NF40 NF42 NF43 NF106 NF48 NF88 NF89 NF96 NF99
Position Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
SiO2 37.13 36.73 37.85 37.65 35.81 35.74 36.26 36.78 35.76 36.07 35.98 35.80 35.83 36.05 36.09 34.73 35.96 35.12
TiO2 1.89 1.95 2.27 2.22 2.64 2.70 2.93 3.28 2.43 2.35 2.64 2.50 3.02 2.87 2.74 2.57 2.34 2.51
Al2O3 17.94 17.90 16.95 17.40 18.52 18.64 16.70 16.41 17.73 17.88 17.84 18.35 17.82 17.91 17.85 17.81 17.90 17.96
Cr2O3 0.04 0.03 0.03 0.02 0.04 0.05 0.02 0.01 0.02 0.00 0.02 0.01 0.04 0.04 0.04 0.03 0.00 0.03
FeO 15.54 15.36 12.96 12.59 17.21 17.38 18.38 17.95 18.22 18.22 20.20 19.81 19.52 19.27 18.95 19.07 19.45 20.42
MnO 0.07 0.05 0.03 0.03 0.17 0.16 0.16 0.17 0.14 0.15 0.16 0.20 0.36 0.39 0.22 0.22 0.18 0.20
MgO 12.58 12.43 15.37 15.63 10.61 10.64 11.32 11.47 10.62 10.69 9.36 9.37 9.25 9.27 10.41 11.00 9.96 9.76
CaO 0.13 0.06 0.03 0.08 0.00 0.00 0.06 0.01 0.02 0.02 0.01 0.05 0.00 0.02 0.00 0.02 0.02 0.05
Na2O 0.27 0.25 0.15 0.10 0.13 0.09 0.08 0.09 0.14 0.10 0.11 0.10 0.13 0.10 0.07 0.06 0.11 0.09
K2O 8.61 8.92 9.07 8.76 9.53 9.46 8.84 9.34 9.18 9.31 9.44 9.39 9.59 9.60 9.59 8.57 9.54 8.96
F 0.14 0.22 0.12 0.15 0.10 0.02 0.14 0.21 0.13 0.13 0.09 0.12 0.00 0.18 0.24 0.11 0.12 0.08
Cl 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.04 0.03 0.03 0.03 0.05 0.05 0.06 0.05 0.04 0.08
Total 94.43 93.98 94.93 94.68 94.81 94.92 94.90 95.74 94.48 94.96 95.87 95.74 95.60 95.75 96.25 94.24 95.60 95.26
Ions per 22 O
Si 5.58 5.57 5.60 5.57 5.44 5.42 5.52 5.56 5.48 5.49 5.48 5.45 5.46 5.49 5.47 5.35 5.48 5.40
Ti 0.21 0.22 0.25 0.25 0.30 0.31 0.34 0.37 0.28 0.27 0.30 0.29 0.35 0.33 0.31 0.30 0.27 0.29
Al 3.18 3.20 2.95 3.03 3.32 3.33 3.00 2.93 3.20 3.21 3.20 3.29 3.20 3.22 3.18 3.23 3.22 3.25
Cr 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01
Fe 1.95 1.95 1.61 1.56 2.19 2.21 2.34 2.27 2.34 2.32 2.57 2.52 2.49 2.46 2.40 2.46 2.48 2.62
Mn 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.04 0.05 0.03 0.03 0.02 0.03
Mg 2.82 2.81 3.39 3.44 2.40 2.40 2.57 2.59 2.43 2.43 2.12 2.13 2.10 2.11 2.35 2.53 2.26 2.23
Ca 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01
Na 0.08 0.08 0.04 0.03 0.04 0.03 0.02 0.03 0.04 0.03 0.03 0.03 0.04 0.03 0.02 0.02 0.03 0.03
K 1.65 1.72 1.71 1.65 1.85 1.83 1.72 1.80 1.79 1.81 1.83 1.83 1.86 1.87 1.85 1.69 1.85 1.75
F 0.07 0.10 0.06 0.07 0.05 0.01 0.07 0.10 0.07 0.07 0.04 0.06 0.00 0.09 0.12 0.06 0.06 0.04
Cl 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02
Total 15.58 15.68 15.64 15.61 15.61 15.55 15.61 15.68 15.67 15.65 15.63 15.64 15.56 15.66 15.75 15.68 15.69 15.67
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enough to discriminate between 36Ar and 36hydrocarbon. 40Armeasure-
ments from thismachinewere therefore only corrected for atmospheric
argon when the measured 36Ar was N2× that of the background mea-
surement (c.f. Sherlock et al., 2005; Supplementary Table S.4). The dis-
persion in ages within and between samples vastly out-magniﬁes the
differences in errors on the ages that these changes in correction
scheme induce. Both corrected and uncorrected ages are reported in
Supplementary Table S.4. Age uncertainties are reported to 2σ; uncer-
tainties on the isotopic measurements are reported to 1σ.
4. 40Ar/39Ar results
The summary 40Ar/39Ar age data are provided in Table 3. Full
isotope data for the single grain fusion analyses are reported in
Supplementary Table S.4 and all ages are plotted in Fig. 3. Full UV
laser ablation isotope data are in Supplementary Table S.5; ages are
plotted on Fig. 4. Plots of 36Ar/39Ar, 37Ar/39Ar or 38Ar/39Ar vs.
40Ar/39Ar age show no correlation.
4.1. Single grain fusion data
4.1.1. Group 1: Garnet-bearing Gneisses
Three Group 1a samples from Krokkenakken (NF40, NF42 and
NF43), totalling 34 white mica and 34 biotite analyses, yielded white
mica single grain fusion (SGF) dates between 405 ± 6 Ma and 377 ±
4 Ma and biotite dates between 389 ± 2 Ma and 377 ± 2 Ma (ignoring
outliers; Fig. 3A).
Six Group 1b samples, from Krokkenakken (NF106); Flatraket Har-
bour (NF48) and Drage (NF88, NF89, NF96 and NF99), totalling 107
white mica and 107 biotite analyses, generated white mica dates be-
tween 416 ± 8 and 373 ± 8 Ma and biotite dates between 412 ± 6
and 360 ± 6 Ma (Fig. 3B).
Four samples of white-mica-free Group 1c gneisses from Flatraket
Harbour (NF47, NF112 and NF50) and Drage (NF87), yielded 63 biotite
dates between 423 ± 8 and 381 ± 5 Ma (Fig. 3C).
4.1.2. Group 2: Biotite-epidote gneisses
Two samples of Group 2a gneisses from Krokkenakken (NF105) and
Drage (NF98) yielded 30 white mica and 30 biotite dates between
415± 6 and 377± 9Ma (white mica) and 393± 6 to 365± 6Ma (bi-
otite, Fig. 3D).
Four Group 2b samples from Krokkenakken (NF35), Flatraket Har-
bour (NF51) and Drage (NF90 and NF91) generated 94 biotite dates be-
tween 429 ± 4 and 377 ± 6 Ma (Fig. 3E).
4.2. UV laser ablation data
45 spots on four white mica grains from Group 1a sample NF40 and
87 spots on three white mica grains from NF43 (Fig. 4A) yielded spot
dates ranging from 409 ± 3 to 380 ± 5 Ma and c. 424 ± 3 to 370 ±
6 Ma respectively (ignoring outliers, Supplementary Table S.5). Each
grain provided a similar spread in dates but none showed consistent
core-rim variations. 20 spots on ﬁve biotite grains from NF40 produced
younger dates, from 393 ± 4 to 378 ± 3 Ma. 21 spots on ﬁve biotites
from sample NF43 generated dates between 400 ± 5 and 370 ± 7 Ma.
19 spots on one large grain (~1 mm) of white mica and 18 spots on
nine biotite grains from a Group 1b sample (NF48) generated dates
from 390 ± 3 to 372 ± 5 Ma and 393 ± 4 to 378 ± 3 Ma respectively
(ignoring outliers; Fig. 4B).
33 spots on eight grains of biotite, three includedwithin a garnet and
ﬁve within thematrix, were analysed from a sample of Group 1c gneiss
(NF50) from Flatraket Harbour (Fig. 4C), producing dates between
420± 4 to 371± 4Ma. No notable difference was determined between
biotite included in garnet and those in the matrix. 24 spots on eight
grains of biotite from the matrix of Group 2b sample NF51 (Fig. 4D)
from Flatraket Harbour yielded dates between 433±4 and 376±4Ma.
5. Diffusion modelling
The 40Ar/39Ar ages expected under the assumptions inherent in the
Dodson TC formulation (Dodson, 1973) for the publishedWGR P-T con-
straints were modelled using the ﬁnite-difference code DiffargP
Table 2
Biotite data.
1C 2A 2B
NF47 NF112 NF50 NF87 NF98 NF105 NF35 NF51 NF90 NF91
Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim
36.71 36.73 36.71 36.57 36.26 36.20 37.07 37.06 35.90 36.16 34.65 34.12 36.60 36.22 36.19 36.16 36.02 38.19 36.12 35.89
2.80 2.62 2.47 2.53 2.34 2.24 1.98 1.62 2.29 2.27 2.94 2.86 2.27 2.60 2.59 2.58 2.78 2.37 2.61 2.37
16.04 16.04 17.31 16.74 16.13 16.51 17.79 18.26 17.72 17.44 15.88 16.59 16.24 16.30 15.30 15.13 16.43 16.22 15.54 15.42
0.04 0.03 0.00 0.03 0.02 0.06 0.05 0.04 0.02 0.05 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.00
18.51 18.54 16.27 15.83 17.10 17.01 16.23 16.18 18.89 18.84 20.98 20.83 19.21 19.49 19.24 18.94 22.34 20.44 22.22 22.50
0.26 0.21 0.21 0.20 0.18 0.23 0.15 0.15 0.23 0.25 0.54 0.56 0.39 0.43 0.25 0.24 0.31 0.29 0.44 0.43
11.84 11.85 12.54 12.44 12.71 12.46 11.86 11.81 10.31 10.64 8.85 8.72 10.08 9.96 11.34 11.33 7.67 6.63 7.96 8.05
0.07 0.08 0.03 0.04 0.03 0.02 0.09 0.07 0.02 0.02 0.00 0.00 0.00 0.00 0.06 0.08 0.00 2.29 0.04 0.03
0.15 0.19 0.14 0.12 0.16 0.14 0.14 0.10 0.10 0.07 0.06 0.05 0.08 0.09 0.24 0.24 0.06 0.04 0.07 0.06
9.06 9.13 9.34 9.39 9.04 9.05 9.13 9.46 9.68 9.67 9.63 9.56 9.65 9.73 9.28 9.27 9.60 8.01 9.60 9.57
0.06 0.17 0.07 0.06 0.09 0.18 0.04 0.07 0.06 0.21 0.25 0.08 0.21 0.17 0.13 0.15 0.15 0.17 0.32 0.32
0.07 0.07 0.06 0.05 0.05 0.05 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.05 0.04 0.05 0.04 0.07 0.07
95.63 95.77 95.15 94.00 94.18 94.17 94.57 94.85 95.22 95.64 93.80 93.41 94.84 95.06 94.72 94.25 95.39 94.70 95.00 94.72
Ions per 22 O
5.56 5.57 5.52 5.57 5.54 5.54 5.59 5.58 5.48 5.51 5.49 5.41 5.64 5.58 5.59 5.60 5.60 5.87 5.67 5.67
0.32 0.30 0.28 0.29 0.27 0.26 0.23 0.18 0.26 0.26 0.35 0.34 0.26 0.30 0.30 0.30 0.32 0.28 0.31 0.28
2.87 2.87 3.07 3.00 2.91 2.98 3.16 3.24 3.18 3.14 2.96 3.10 2.95 2.96 2.78 2.77 3.01 2.94 2.88 2.87
0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.34 2.35 2.05 2.01 2.19 2.18 2.05 2.04 2.41 2.40 2.78 2.76 2.48 2.51 2.48 2.45 2.90 2.63 2.92 2.97
0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.07 0.08 0.05 0.06 0.03 0.03 0.04 0.04 0.06 0.06
2.67 2.68 2.82 2.82 2.90 2.84 2.67 2.65 2.34 2.42 2.09 2.06 2.32 2.29 2.61 2.62 1.78 1.52 1.86 1.89
0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.37 0.01 0.01
0.04 0.06 0.04 0.03 0.05 0.04 0.04 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.07 0.07 0.02 0.01 0.02 0.02
1.75 1.77 1.79 1.83 1.77 1.77 1.75 1.82 1.89 1.88 1.95 1.94 1.90 1.91 1.83 1.83 1.90 1.57 1.93 1.93
0.03 0.08 0.03 0.03 0.04 0.09 0.02 0.03 0.03 0.10 0.13 0.04 0.10 0.08 0.06 0.07 0.07 0.08 0.16 0.16
0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02
15.66 15.76 15.65 15.64 15.71 15.76 15.54 15.60 15.67 15.77 15.85 15.74 15.74 15.73 15.79 15.79 15.66 15.32 15.82 15.86
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Fig. 2. Field photographs and photomicrographsof samples from theﬁve petrological groups. (A) Field photographof the garnet-bearing gneisses. (B) Field photograph of non-migmatised
Group 2b gneiss at Flatraket Harbour. (C) Field photograph of migmatised Group 2b gneisses at Drage. (D) Group 1a gneisses (e.g. NF43) preserve high-pressure relicts. (E) Group 1b
gneisses (e.g. NF48) contain relict garnet but no other HP relicts. Note the formation of white mica ﬁsh and foliation deﬁned by biotite. (F) Group 1c gneisses (e.g. NF112) show relict
symplectites of biotite + plagioclase after white mica preserved in quartz ribbons. (G) Group 2a gneisses (e.g. NF98) preserve highly degraded garnet and minor ﬂakes of white mica
and (H) Group 2b gneisses (e.g. NF51) preserve large epidote porphyroblasts but no white mica or garnet. Mineral abbreviations after Whitney & Evans (2010), Wm = white mica
and Symp= symplectite.
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(Wheeler, 1996;Warren et al., 2012c). The P and T-dependent diffusion
parameters of Harrison et al., 2009were used tomodel the behaviour of
white mica and the T-dependent diffusion parameters of Harrison et al.,
1985 used tomodel the behaviour of biotite. Following petrographic ob-
servations, both micas were modelled at 0.5 mm grain radii.
Peak eclogite-facies conditions in the Nordfjord area appear to have
reached 2.5–3.0 GPa and 600–700 °C at c. 410–400 Ma (U-Pb zircon),
followed by isothermal decompression to 1 GPa and 700 °C by c. 399–
379 Ma (U-Pb titanite: (Cuthbert et al., 2000, Root et al., 2005, Young
et al., 2007, Walsh and Hacker, 2004, Spencer et al., 2013). White mica
and biotite were modelled separately to reﬂect the fact that they expe-
rienced different post-crystallisation histories, as shown by the petro-
graphic observations (Section 2) and as described below.
5.1. White mica models
In the Nordfjord felsic gneisses, white mica appears to be a stable
member of the peak eclogite-facies assemblage. White mica models
therefore assumed crystallisation under eclogite-facies conditions of
650–750 °C at 2.5–3.5 GPa. Although the white mica may have
crystallised along the prograde path, previous modelling (e.g. Warren
et al., 2012a) has shown that at these temperatures, Ar removal is geolog-
ically instantaneous in an open system, so regardless of when the model
“clock” starts, the grain has an effective age of zero at the time cooling
starts. Decompression to amphibolite-facies conditions of 700 °C at
1.0 GPa was reached 7 Ma later in the models. These constraints were
based on the time difference between the youngest (400Ma)U-Pb zircon
ages assumed to constrain the timing of peak pressure metamorphism in
the Nordfjord region (Root et al., 2004; Young et al., 2007), the weighted
mean of theU-Pb titanite ages in the region (393Ma; Spencer et al., 2013)
and the crystallisation age of an assumed decompression-related granitic
dyke (391Ma, Kylander-Clark &Kylander-Clark andHacker, 2014). In the
models, linear cooling subsequently proceeded at a rate of 25°CMa−1
from amphibolite-facies conditions. This reference cooling rate is some-
what arbitrary, but uncertainties in modelled age related to the choice
of cooling rate are discussed below.
5.2. Biotite models
In all the mica-bearing gneisses, biotite appears to have replaced
white mica during decompression from eclogite- to amphibolite-facies
conditions, andwas not stable at the metamorphic peak. Biotite models
therefore assumed crystallisation of ~0.5 mm radius grains at
amphibolite-facies conditions of 700 °C, 1.0 GPa, followed immediately
by cooling at a linear rate of 25 °CMa−1. Ar diffusion in an open system
is geologically instantaneous in biotite at 700 °C, so regardless of when
the biotite crystallised along the decompression path, it should only re-
cord a zero age at the time cooling initiated.
Full model results, including sensitivity testing, are presented in
Table 4. The models indicate that 0.5 mm radius white mica grains that
decompressed from peak eclogite-facies conditions and then cooled
after reaching amphibolite-facies conditions should yield ages that are
Table 3
Summary white mica and biotite single grain fusion and in-situ ages.
IR single grain fusion ages UV in-situ ages
Oldest age Youngest age Oldest age Youngest age
Lithology Sample Location Mineral n# Ma (±1σ) Ma (±1σ) n# Ma (±1σ) Ma (±1σ)
Group 1a NF40 Krokkenakken White Mica 8 395.0 ± 2.6 387.4 ± 2.9 45 409.0 ± 2.9 380.3 ± 4.6
NF42 Krokkenakken White Mica 12 404.2 ± 2.6 386.7 ± 5.0 nd nd
NF43 Krokkenakken White Mica 14 404.8 ± 2.7 376.8 ± 2.0 87 424.4 ± 3.0 369.8 ± 7.6
Group 1b NF106 Krokkenakken White Mica 15 415.6 ± 3.6 386.8 ± 4.1 nd nd
NF48 Flatraket Harbour White Mica 13 391.0 ± 3.3 380.3 ± 2.9 19 389.8 ± 3.4 372.1 ± 5.4
NF88 Drage White Mica 25 398.84 ± 0.81 386.50 ± 0.85 nd nd
NF89 Drage White Mica 24 396.5 ± 1.5 378.4 ± 4.5 nd nd
NF96 Drage White Mica 15 405.5 ± 1.9 373.1 ± 3.9 nd nd
NF99 Drage White Mica 15 392.3 ± 9.7 375.9 ± 3.5 nd nd
Group 2a NF98 Drage White Mica 15 393.6 ± 2.2 376.7 ± 8.3 nd nd
NF105 Krokkenakken White Mica 15 415.0 ± 2.4 382.4 ± 2.4 nd nd
Group 1a NF40 Krokkenakken Biotite 12 437.2 ± 2.0 376.9 ± 1.0 16 393.1 ± 5.1 377.7 ± 4.0
NF42 Krokkenakken Biotite 10 422.3 ± 2.0 359.8 ± 1.8 nd nd
NF43 Krokkenakken Biotite 12 389.4 ± 1.2 382.4 ± 1.0 21 399.6 ± 5.3 370.1 ± 8.2
Group 1b NF106 Krokkenakken Biotite 15 411.6 ± 3.2 396.0 ± 2.1 nd nd
NF48 Flatraket Harbour Biotite 12 391.4 ± 1.2 382.4 ± 5.6 18 447.3 ± 8.8 369.8 ± 6.3
NF88 Drage Biotite 25 391.0 ± 0.9 378.4 ± 2.2 nd nd
NF89 Drage Biotite 25 393.3 ± 0.7 377.9 ± 4.8 nd nd
NF96 Drage Biotite 15 381.3 ± 1.8 359.7 ± 2.6 nd nd
NF99 Drage Biotite 12 389.1 ± 3.1 375.9 ± 3.5 nd nd
Group 1c NF47 Flatraket Harbour Biotite 12 414.8 ± 1.9 385.8 ± 1.8 nd nd
NF112 Flatraket Harbour Biotite 15 422.8 ± 3.8 398.2 ± 2.2 nd nd
NF50 Flatraket Harbour Biotite 12 400.2 ± 2.0 382.7 ± 1.0 33 419.6 ± 7.0 370.5 ± 8.6
NF87 Drage Biotite 25 393.1 ± 1.3 381.4 ± 4.3 nd nd
Group 2a NF98 Drage Biotite 15 391.8 ± 2.0 364.8 ± 2.9 nd nd
NF105 Krokkenakken Biotite 15 393.0 ± 2.9 372.3 ± 2.3 nd nd
Group 2b NF35 Krokkenakken Biotite 12 428.9 ± 1.9 378.6 ± 1.0 nd nd
NF51 Flatraket Harbour Biotite 25 416.0 ± 2.7 384.7 ± 1.8 24 432.8 ± 6.2 376.3 ± 3.1
NF90 Drage Biotite 25 398.1 ± 0.4 377.2 ± 3.2 nd nd
NF91 Drage Biotite 20 390.5 ± 1.2 378.3 ± 2.8 20 nd nd
nd = not determined n# = number of grains or spots
Krokkenakken 61°54′53.73″ N 005°20′16.49″ E
Drage 62°06′08.30″ N 005°12′48.0″ E
Flatraket Harbour 61°58′42.60″ N 005°14′03.80″ E
nd = not determined; n#= number of grains or spots
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Fig. 3. (A) Compilation of current geochronological data for the Outer Nordfjord area, showing the timing of prograde metamorphism, peak metamorphism, and exhumation. Sm-Nd Grt-Cpx-Whole Rock (WR) and Lu-Hf data from Grifﬁn and
Brueckner (1980); Mearns (1986); Carswell et al., 2003; Kylander-Clark et al., 2007; and Peterman et al. (2009). U-Pb zircon data from Root et al. (2004); Young et al. (2007); Kylander-Clark and Hacker (2014); and Young and Kylander-Clark
(2015). U-Pb titanite date from Spencer et al. (2013). (B–F) Cumulative graphs of white mica and biotite single-grain fusion 40Ar/39Ar data from the ﬁve petrological types.
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10Ma younger than the timing of attainment of eclogite-faciesmetamor-
phism. Similarly, 0.5 mm radius biotite grains should provide ages than
are 6 Ma younger than the time at which the rocks started to cool.
The diffusionmodel results are sensitive to a number of input uncer-
tainties, which can be divided into those that cause spread within the
modelled ages and those that shift the whole population. The only var-
iable that causes a spread in the resulting modelled bulk ages is grain
size. Variations in grain radius between 0.25 and 1 mm produce a
1 Ma uncertainty in the modelled bulk ages, a ± 2 Ma uncertainty
on the core-rim ages of white mica and ±1 Ma uncertainty on the
core-rim ages of biotite. These uncertainties are well within the 1σ
error of the single grain fusion and in-situ 40Ar/39Ar ages observed
in this study.
Input variables that shift the whole model population include the
diffusion parameters, the modelled cooling rates, and the peak
temperature. The uncertainties in the experimentally-determined diffu-
sion parameters (Ea and D0) shift the results by ±4 Ma (Warren et al.,
2012a). Varying the cooling rate from 10 to 50 °C Ma−1 causes a +
4/−2 Ma variance in the modelled white mica age and a +9/−3 Ma
variance in the modelled biotite age. Finally, a ±50 °C variation in the
temperature at which cooling initiates shifts the resulting model age
by ±1 Ma.
6. Discussion
6.1. New single grain fusion and in-situ data
Overall, the white mica and biotite separates from all localities and
petrological groups yield a broad spread in 40Ar/39Ar ages from 416 to
373 Ma in white mica and 437–360 Ma in biotite. In-situ UV laser data
Fig. 4. A. Photomicrographs showing the in-situ UV laser ablation 40Ar/39Ar ages and analysis pits. (A) White mica in NF43 (Group 1a), (B) White mica in NF48 (Group 1b).
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shows that the distribution of Ar both within and between grains of
white mica and biotite is non-systematic and highly variable, gener-
ating ages between 424 and 370 Ma (white mica) and 440–370 Ma
(biotite). Overall the in-situ analyses provided a similar, yet wider,
range in the age populations compared to the single grain fusion
analyses. There is no discernible difference between the ranges of
ages generated from the SGF data at SUERC or the OU, despite differ-
ences in hardware.
6.2. Comparison with previously published age data
The whole 40Ar/39Ar dataset spans the known timing of the entire
metamorphic cycle from prograde metamorphism at 420–404 Ma
(Sm-Nd and Lu-Hf garnet; Kylander-Clark et al., 2007, Peterman et al.,
2009), through peak metamorphism at c. 410–400 Ma (U-Pb zircon;
Root et al., 2004; Young et al., 2007; Kylander-Clark and Hacker, 2014;
Young and Kylander-Clark, 2015) to the timing of amphibolite-facies
Fig. 4. B. Photomicrographs showing the in-situ UV laser ablation 40Ar/39Ar ages and analysis pits. (C) Biotite in NF50 (Group 1c), (D) Biotite in NF51 (Group 2b).
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recrystallization documented by U-Pb titanite at 399–379 Ma (Spencer
et al., 2013).
Published white mica 40Ar/39Ar step heating plateau ages for the
Outer Nordfjord area, range from c. 409–380 Ma (Root et al., 2005;
Young et al., 2011). White mica SGF and in-situ 40Ar/39Ar ages from
this study span a greater range from 416 to 373 Ma and 424–
370Ma, respectively. The ages generated in this study are also broad-
ly similar to previously reported SGF and in-situ ages for felsic
gneisses and garnet mica schists from the Outer Nordfjord area
(413 ± 4 Ma to 379 ± 2 Ma and 507 ± 6 Ma to 388 ± 6 Ma, respec-
tively; Warren et al., 2012a).
Published biotite 40Ar/39Ar step heating plateau ages from theWGR,
range from 467 to 379 Ma (Berry et al., 1995; Hacker and Gans, 2005;
Root et al., 2005). Biotite SGF and in-situ ages from this study range
from 437 to 360Ma and 447–370Ma, respectively, within the previous-
ly reported range.
Previous studies have interpreted white mica and biotite step
heating ages from Western Norway as representing the timing of
cooling through 400 °C and 350 °C, respectively (Root et al., 2005;
Hacker, 2007; Walsh et al., 2007; Young et al., 2011; Walsh et al.,
2013). However, the age ranges documented in this study both within
and between grains, and within and between samples, suggest there
may be a more complex link between 40Ar/39Ar age and metamorphic
evolution. The different lithologies studied here allow the ages to be
considered in relation to different potential inﬂuences.
6.3. Ar (re)distribution during a metamorphic cycle
There are several possible explanations for the broad range of
40Ar/39Ar dates - spanning 45/47 Ma (SGF/in-situ) in white mica and
77/70Ma in biotite. These include the loss or gain of Ar due to diffusion,
recrystallization, deformation, partial melting and/or the availability
and/or inﬂuence of ﬂuids. The effect of each of these processes can be
critically assessed by comparing and contrasting age populations of dif-
ferent samples.
6.3.1. Diffusion
The diffusion models show that in open conditions at temperatures
of ~700 °C, volume diffusion in white mica and biotite should have
been sufﬁcient to reset mica ages in the Nordfjord area prior to the ini-
tiation of cooling. White mica grains of 0.5 mm diameter that
crystallised at eclogite facies conditions should provide ages that are ~
10 Ma younger than their crystallisation age. Similarly, 0.5 mm biotite
grains that crystallised under amphibolite facies conditions should
yield ages than are ~6 Ma younger their crystallisation age, assuming
cooling started soon after they crystallised. White mica grains from
the study area should therefore produce total fusion ages of ~390 Ma
with core-rim ages that range from 391 to 389 Ma. Biotite should pro-
vide bulk (total fusion) ages of ~387 Ma and core-rim ages that range
from 388 to 387 Ma. However only ~20% of the white mica and biotite
single grain fusion ages lie within the suggested model ages ±2 Ma
(Fig. 3). 50% of the white mica SGF ages and 65% of the white mica in-
situ ages, and 48% of the biotite SGF ages and 59% of the biotite in-situ
ages are older, suggesting that diffusionmay not be the principle mech-
anism for Ar redistribution within and between themicas of these felsic
gneisses.
A key prediction of the pure diffusion model is the development of
systematic core-rim age variations: older cores and younger rims. The
in-situ white mica 40Ar/39Ar data show patchy age distributions, with
the oldest ages not necessarily concentrated in geographic grain cores
and no clear core-rim age proﬁles (Fig. 4a). Biotite yields a relatively
more homogeneous spread of in-situ ages, with little variation in age
between single grains in different petrographic contexts, despite the
variations in composition and metamorphic grade (Fig. 4b). Given the
Table 4
Diffusion modelling results.
Model T at
peak P
Peak
P
Time at
peak
T at
amph P
P at
amph
Decompression
time
Post-amph
cooling
Grain
radius
Core
age
Rim
age
Bulk
age
Difference from
ref model
°C GPa Ma °C GPa Ma °C Ma−1 mm Ma Ma Ma Ma
White mica
Reference models
Krokkenakken 600 2.3 0 700 1.0 7 25 0.5 391 388.6 390.4
Flatraket Harbour 700 3.0 0 700 1.0 7 25 0.5 391 388.6 390.4
Drage 750 3.2 0 700 1.0 7 25 0.5 391 388.6 390.4
Changes in the T at amphibolite-facies
WM1 700 3.0 0 650 1.0 7 25 0.5 391.7 389.5 391.1 0.7
WM2 700 3.0 0 750 1.0 7 25 0.5 390.3 387.8 389.7 −0.7
Changes in P at amphibolite-facies conditions
WM3 700 3.0 0 700 0.5 7 25 0.5 390.7 388.3 390.1 −0.3
WM4 700 3.0 0 700 1.5 7 25 0.5 391.3 389 390.7 0.3
Changes in the post-amphibolite-facies cooling rate
WM5 700 3.0 0 700 1.0 7 10 0.5 387.2 381.6 385.8 −4.6
WM6 700 3.0 0 700 1.0 7 50 0.5 392.1 390 391.8 1.4
Changes in grain size
WM7 700 3 0 700 1.0 7 25 1 391.5 389.1 390.8 0.4
WM8 700 3 0 700 1.0 7 25 0.25 390.5 388.1 389.9 −0.5
Model T at amph P P at amph Post-amph cooling Grain radius Core age Rim age Bulk age Difference from ref model
°C GPa °C Ma−1 mm Ma Ma Ma Ma
Biotite
Reference model
BT 700 1.0 25 0.5 395.1 395.8 387.4
Changes in the T at amphibolite-facies
BT1 650 1.0 25 0.5 395.9 394.8 388.3 0.9
BT2 750 1.0 25 0.5 394.2 392.8 386.5 −0.9
Changes in the post-amphibolite-facies cooling rate
BT3 700 1.0 10 0.5 386.7 383.6 378.1 −9.3
BT4 700 1.0 50 0.5 397.7 397 390.4 3
Changes in grain size
BT5 700 1.0 25 0.25 394.4 393.1 379.8 −7.6
BT6 700 1.0 25 1 395.7 394.5 388 0.6
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analytical uncertainties for the biotite in-situ data (around±6Ma), the
±1 Ma core-rim age variation suggested by the diffusion modelling is
not resolvable.
Together, the spread in SGF and in-situ ages within and between
both grains in the same sample and across different samples suggests
that diffusion was not the sole mechanism by which Ar was
redistributed within both white mica and biotite, despite cooling from
ambient temperatures of ~700 °C.
6.3.2. White Mica breakdown
Mica recrystallization duringmetamorphismmay exert a far greater
inﬂuence on isotopic resetting than diffusion, and should outpace it (e.g.
Villa, 1998; Allaz et al., 2011). In our samples, the white mica appears to
have been the only stable K-bearing phase at peak eclogite-facies condi-
tions. As exhumation and decompression progressed, white mica re-
crystallized to biotite + plagioclase. Various samples of Group 1 gneiss
document differential progress of this reaction, culminating in some
samples in the complete loss of white mica (NF43, NF48, and NF50;
Fig. 5A and B). White mica and biotite age populations in these samples
were compared using Student T Tests to evaluate whether any statisti-
cally different signiﬁcance were exhibited. The results are presented in
Table 5.
Sample NF43 (Group 1a) preserves the initial stages of white mica
breakdown to biotite. In this sample, white mica SGF ages range from
404 to 387 Ma and biotite SGF ages from 390 to 383 Ma (Table 3,
Fig. 5A and B). Sample NF48 preserves more advanced breakdown of
white mica and yields a statistically younger white mica age population
of 391–380 Ma. The biotite age population in sample NF48, however, is
statistically identical to sample NF43 (391–382 Ma; Fig. 5A and B). This
suggests that even though 40Ar was being released during white mica
breakdown, it was not incorporated into the concurrently crystallising
biotite in either sample. Conversely, biotite in sample NF50, which pre-
serves no white mica, generated statistically signiﬁcantly older ages of
400–383 Ma (Fig. 5B). This shift towards older dates implies that the
co-crystallising biotite incorporated some of the 40Ar released from
thewhite mica, assuming all the biotite crystallised during exhumation.
A recent study suggests that in some samples, lower pressure minerals
persisted metastably during the Caledonian orogeny (Young and
Kylander-Clark, 2015). If this was the case for biotite, some of the
older ages may imply argon inheritance. Either way, the data suggest
that an open system was not consistently or concurrently present in
all rock types during exhumation.
6.3.3. Deformation
The effect of exhumation-related deformation on the 40Ar/39Ar ages
yielded by the felsic lithologies was investigated by comparing the
white mica and biotite SGF ages from Group 1a and Group 1b gneisses,
which are assumed to be of the same bulk composition (Fig. 5C and D).
Group 1a gneisses preserve biotite-plagioclase symplectites that form
from the breakdown of white mica. These delicate structures suggest
that little or no deformation affected these gneisses during and/or
after decompression (e.g. Hacker et al., 2010). These samples also vari-
ably preserve HP relicts such as omphacite or kyanite that are not pres-
ent in the other gneiss groups. In contrast, Group 1b gneisses do not
preserve the delicate symplectite structure, but are instead deformed,
with a gneissic foliation deﬁned by biotite + plagioclase. White micas
are kinked, folded and form “ﬁsh” and HP minerals or their relicts are
not present. The Si content of the remnant white mica in Group 1b is
more variable than that in Group 1a.
White mica and biotite in Group 1a samples yielded SGF ages be-
tween 405 and 377 Ma and 437–360 Ma, respectively (Table 3).
Group 1b samples generated broader, but statistically identical age
ranges (416–373Ma and 412–360Ma; Tables 3 and 5). The age popula-
tion similarity between the two groups suggests that in this area, forma-
tion of the gneissic fabric does not result in a statistically signiﬁcant
change in the white mica and biotite 40Ar/39Ar age populations.
Assuming the fabric is related to Caledonian deformation, rather than
inherited from the Proterozoic protolith (e.g. Young and Kylander-
Clark, 2015); the implication is that deformation alone did not control
40Ar redistribution in the felsic gneisses.
6.3.4. Partial melting
Migmatites have been documented inmany exhumedHPmetamor-
phic complexes (e.g. Faure et al., 1999; Hermann et al., 2001; Ganzhorn
Fig. 5. Cumulative graphs of single-grain fusion data showing the effect on the 40Ar/39Ar
ages of different processes. WM = white mica; Bt = biotite. (A & B) Progressive white
mica replacement by biotite + plagioclase in samples NF43, NF48, and NF50. (C &
D) The effect of deformation between two type of garnet-bearing gneisses from Group
1a and Group 1B. (E) The effect of partial melting on samples NF51, NF90, and NF91.
(F) The effect of ﬂuid inﬁltration between samples from Group 1c and Group 2b gneisses.
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et al., 2014), with melting generally linked to decompression from
eclogite- to the amphibolite-facies conditions at high temperatures
(e.g. Labrousse et al., 2002). At Drage, the amphibolite-facies gneisses
show abundant ﬁeld and petrological evidence for partial melting
(Fig. 2C, Supplementary information S2). The 40Ar/39Ar ages of key
Group 2b gneisses (samples NF90 and NF91 from Drage, and NF51
from Flatraket Harbour) were compared to assess the inﬂuence of par-
tial melting on the 40Ar/39Ar signature. NF90 and NF91 were collected
within 40 cm of each other; the former is a non-migmatised augen
gneiss, whilst the latter shows extensive migmatisation. Sample NF51
has the same mineral assemblage as sample NF91, but shows no ﬁeld
or petrological evidence for melting (Fig. 2B, Supplementary informa-
tion S2).
Biotite in themigmatitic sample NF91 yielded 40Ar/39Ar ages of 391–
378 Ma, whereas biotite in non-migmatised samples NF51 and NF90
generated statistically signiﬁcantly older populations of 416–385 Ma
and 398–386Ma, respectively (Fig. 5E). Partialmelting in these samples
may have therefore caused the younging in the 40Ar/39Ar age popula-
tions, possibly by increasing the interconnectivity of the grain boundary
network, and hence aiding the local removal of Ar from the system. This
effect is apparent even on a local-scale, given the close proximity of
samples NF90 and NF91. Further studies involving a greater number of
melted vs. non-melted samples are needed to test this ﬁnding further,
as there may be other confounding factors.
6.3.5. Fluids
Fluids may control resetting of 40Ar/39Ar mineral ages in metamor-
phic rocks by enhancing transport pathways and assisting recrystalliza-
tion reactions (e.g. Cumbest et al., 1994; Kelley, 2002). Fluids can be
derived from local dehydration reactions during retrogression (e.g.
white mica breaks down to produce biotite + plagioclase + ﬂuid), or
be derived from external sources such as surrounding rocks.
The felsic rocks exposed in the Outer Nordfjord region preserve evi-
dence for ﬂuid-producing reactions during their decompression history,
including the white mica breakdown reaction. In contrast, the replace-
ment of garnet (Group 1c gneisses) by epidote–group minerals
(Group 2b gneisses) consumed ﬂuids. Together these reactions show
that water was both locally produced and consumed in the felsic rocks
during exhumation, and that ﬂuid was likely mobile at least on the cm
scale.
The inﬂuence of ﬂuid availability on the biotite 40Ar/39Ar ages be-
tween the garnet- and epidote-bearing samples is clear (Fig. 5F). The
garnet-bearing rocks of Group 1c yielded biotite ages of 423–381 Ma,
whereas the epidote-bearing rocks of Group 2b generated a statistically
older and broader population between 429 and 377 Ma. Fluid in the
Group 2b gneisses, likely internally-derived from thewhite mica break-
down reaction, therefore appears to not have been very mobile. The
older biotite population and the increased age spread suggest that the
grain boundary network was (partially) closed during exhumation.
Fluid may have become highly enriched in 40Ar during the mica break-
down reaction, resulting in a source rather than a sink for 40Ar during bi-
otite crystallisation.
6.3.6. Summary
The lack of clear core-rim age variations expected from diffusive loss
and the wide spread in ages shown by the SGF data suggest that diffu-
sion was not the primary mechanism by which 40Ar was redistributed
in micas from theWGR felsic gneisses. Furthermore, the lack of statisti-
cal difference between age populations in samples that record strain
during the Caledonian orogeny vs. those that do not suggests that in
this region at least, deformation was unimportant for redistributing
Ar. Conversely, white mica breakdown, partial melting and the re-
lease/absorption ofﬂuids appear to have played a far greater role in con-
trolling grain 40Ar concentrations.
Table 5
Student t-test results.
White Mica Biotite
All Data Group 1a All  Data Group 1a
Group 1a Group 1b Group 1a Group 1b
Group 1b 0.09 Group 1b 0.06 Group 1c
Group 2a 0.26 0.87 Group 1c 0.00 0.00 Group 2a
Group 2a 0.31 0.23 0.00
Group 2b 0.00 0.00 0.04 0.00
Recrystallisation NF43 WM Recrystallisation NF43 Bt
NF43 WM NF43 Bt NF48 Bt
NF48 WM 0.00 NF48 Bt 0.30
NF50 Bt 0.00 0.00
Deformation Group 1a WM Deformation Group 1a Bt
Group 1a WM Group 1a Bt
Group 1b WM 0.09 Group 1b Bt 0.06
Values < 0.05 indicate significant difference at 95% confidence Fluids Group 1c Bt
Values 0.05–0.1 indicate a possible difference at 95% confidence Group 1c Bt
Values > 0.1 indicate no significant difference at 95% confidence Group 2b Bt 0.04
(WM = white mica, Bt = biotite) Partial Melting NF51 Bt
NF51 Bt
NF91 Bt 0.00
Partial Melting NF90 Bt
NF90 Bt NF91 Bt
NF91 Bt 0.00 NF51 Bt
NF51 Bt 0.09 0.00
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Samples in which white mica is no longer present (but for which
textural evidence of precursor white mica is still visible) yield older bi-
otite age populations than samples in which white mica is still present.
Rocks inwhich there is evidence for partialmelting produce younger bi-
otite age populations than rocks which do not appear to have melted,
suggesting that melting facilitated 40Ar removal. The older biotite age
population in more hydrated samples compared to drier samples sug-
gests that ﬂuid released duringwhitemica breakdown acted as a source
for ‘excess’ 40Ar in the biotite and that the ﬂuid had limited mobility.
7. Conclusions
Felsic gneisses with similar bulk compositions from the Outer
Nordfjord area of the UHP Western Gneiss Region, Norway, preserve
textural and petrological evidence of different stages of their burial
and exhumation history. 40Ar/39Ar data show that Ar is incorporated
into, hosted by, and ultimately lost bywhite mica and biotite differently
in these different rock types despite their shared metamorphic history.
Whitemica and biotite grains yield dispersed single grain fusion age
populations from416 to 373Ma and 437 to 360Ma, respectively. In-situ
UV laser ablation white mica analyses reveal a similar, but older, 424 to
370 Ma spread within individual grains, and no clear core-rim patterns.
In-situ biotite analyses yield a similar, and slightly older, spread, from
447 to 370 Ma.
Numerical modelling of open system diffusion predicts that due to
the high temperatures experienced by the WGR during the metamor-
phic cycle, white mica and biotite ages should reﬂect the timing of
cooling after reaching amphibolite-facies conditions. However both
micas yield age populations that are mostly older than the model ages
and span the timing of the entire metamorphic cycle. Such an age
spread cannot be reconciled with simple open system diffusion and
therefore the Outer Nordfjord 40Ar/39Ar mica ages likely do not strictly
represent the timing of cooling through a discrete temperature or tem-
perature interval. Whilst Ar must have diffused readily within minerals
during the exhumation of the WGR at temperatures near 700 °C, age
populations in samples that record different parts of the metamorphic
cycle suggest that processes such mineral breakdown, partial melting,
and ﬂuid availability had a greater effect on Ar redistribution and even-
tual 40Ar/39Ar age at the grain- to outcrop-scale. In detail, samples re-
cording signiﬁcant white mica breakdown produced younger white
mica dates than white mica in less retrogressed samples. These ages
were overall too old to be interpreted as crystallisation or cooling
ages. In the same sample suite, biotite grains yielded the same age pop-
ulation in samples that still contained white mica or white mica rem-
nants, but an older population in the samples where white mica had
completely broken down. Samples that showed signiﬁcant evidence
for partial melting generated a younger biotite population than samples
showing no evidence for partial melting. More hydrated (epidote-pres-
ent) samples provided signiﬁcantly older biotite age populations than
less hydrated (garnet-present) samples. The older biotite population
in the more hydrated samples suggests high 40Ar concentrations were
present in the ﬂuids and that local ﬂuid mobility was limited. Finally,
contrary to previous studies, deformation did not appear to affect the
40Ar/39Ar mica age populations in these samples.
The spread of ages generated both within and between different
samples has repercussions for detrital mica provenance studies. These
studies assume that the source material can be deﬁned by speciﬁc
40Ar/39Ar age populations that reﬂect the cooling and exhumation histo-
ry of the source. In theWGR, this sourcematerial is predominately felsic
gneiss, which, in this study, yield spreads of up to 46 Ma (white mica)
and 74Ma (biotite) from the same exposure horizon. Matching detrital
mica populations to a change in source in this region is therefore
impossible.
This study shows that the interpretation of 40Ar/39Ar age data col-
lected from high temperature metamorphic terranes is assisted by
analysing different Ar chronometers and multiple samples that record
different parts of the metamorphic cycle. Data from different rock
types needs to be considered on a case-by-case basis, in conjunction
with detailed petrographic analysis, before 40Ar/39Ar mica ages can be
interpreted.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.09.028.
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